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ABSTRACT
Experimentsat the Los Alamosfree-electronlaser

oscillatorwere performedwith a 7.35% (A7r/7r)tapered

wiggler. Multilayerdielectricmirrorswith wavelength-
dependentreflectivityand phaseshiftfunctionswere usedto
providehigh reflectivityat the fundamentalwavelengthbut to
introducelossesat expectedsidebandwavelengths.The
electron-beamenergywas variedto tune the fundamental
opticalwavelength. Experimentalmeasurementsare compared
with resultsof l-d time-dependentsimulations.For the
particularwiggler,optics,mnd e-beamconditionsof this
experiment,spectralsidebandswere reducedonly with a
concomitantreductionof the totalopticaloutputof the
laser.

1. INTRODUCTION .

At the titrieof the developmentof one of the firsttheoretical
t~eatmentsof tapered-wigglerfree-electronlasers(FELs),it was

recognisedlthat the nonlinearresponseofaelectronsto a strong
monochromaticopticaldrivingfieldcouldresul~iu ‘be generationof
lightat ~avelengthtidisplacedfromthat of the drivingfield. The new
componentsin the opticalspectrumwere calledRamansidebandsbecausethe
processof generationof thesecomponentswas somewhatanalogousto m.
atomicor molecularRamanmcattoringprocess. It was also recogni#edl
that this proc~uscouldprevent achievementof high extraction
efficienciesin tapered-wigglerFELs and that some type of frequency
discrimination- i.e.,wavelength-dependentresonatorlosseswhich are
higherat sidebandwavelen@hs tha~ at the designwavelength- would be a
practicalway of reducingor eliminatingthe unwantedparasitic
wavelengths,

n
The l-d pulsepropagationmodelfor FEL oscillators*containeda

self-consistenttreatmentof the interactionof the opticalfieldand the
electrons. Solutionof thismathematicalmodel for tapered-wiggler

3’4 showedthe developmentof si~e~ands, ii~wever,eolutionofosciilwtors

the modelfor untapcred-wiggleroscillators‘ ●lso showedsubMtantiul

*Workporformodunderthe ●uspicesof the U.S. Departmentof Energymnd
supportedby the U.S. ArmyBallisticMicsileDefenseOrganization,
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sidebandgenerationwhich increasedthe totalpoweroutputof the laser
1

over that predictedwithoutallowingfor multimodeopticalfields.
Recentpulse evoluticmcalculationsfor oscillatorswith strongly-tapered-

7,8,9
wigglers, which operateat intensitiesthat correspondto several
.synchrotronperiodsover the lengthof the wiggler,show clearlythat
sidebandsare deleteriousand must be eliminatedin orderto achievethe
designextractionefficiency.The presenttheoreticalview is that
sidebandgenerationleadsto greaterpoweroutputin untapered,or weakly-
tapered,wiggleroscillators,but must be eliminatedin strongly-tapered-
wigglerdevicesthat operateat very high intensityif the full design
performanceof thosewigglersis to be reali$ed.

The presentwork presentsa studyof the effectof eliminatingor
reducingsidebandsin a modestlytapered-wiggleroscillator.Sidebands
were reducedby usingthe wavelength-dependentreflectivity~f multilayer
dielectricmirrorsto introducelossesat expectedsidebandwavelengths.
The wavelengthof the FEL oscillatorwas adjustedby varyingthe mean
energyof the electronbeam. Datawas collectedfor a seriesof
wavelengthswhich approachedthe reflectivityedge of $he mirrors. These
data will be comparedwith the resultsof l-d time-dependentnumerical

simulations.Previousexperiments
10 which used an untaperedwigglerand

dielectricmirrorswith slightlydif;erentcharacteristics,resultedin a
reductionof the total laseroutputas the sidebandswere quenched.
Althoughtheseresultswere not comparedco theoreticalsimulations,they

5,8
are in qualitativeagreementwith previoustheoreticalcalculations.

II. EXPERIMENTS
The layout,operatingconditions,and diagnosticsof the LGS Alamos

free-electronlaseroscillatorhave been previouslydeerribedIn

detail.11’12The taperedwigglerwas the same as had bnen used in the FEL

amplifierexperiment
13

and also has been pre~iouslydescribedin

detai113’14: it is a l-m longplane-polarisedwigglermade from SmCo5

magnetoswith an approximatelylinearly$apcl.edwavelength(2.73cm to 2.42
cm) and ● constantfield (-0.3T) as showni~ Fig. 1. The 11% taper in
wavelengthcorrespondsto a fractionalchangein the energyof the
resonantparticle(A7r/7r)of 7.35%0

For this experim&t~ two dialectic mirrorsmade from sevenquarter-
wave thickpairs of ZnSe/ThF4coatingsdepositedon a ZnSe subrtratewere

umad. The mirrorshad radiiof curvatureef 3*80mand 3.39mmnd were
separatedby about 6.92m. Aside from cliff-rentradiiof curvature,the
mirrorswere identicaland eachhad a measuredreflectivitymaximumof
99.4%●t ●n opticalwavelengthof 10,6~m. At lon~erwavelengths,the
reflectivitydropped,and the transmissioniricroaseduntilit reuched10!4
at A==12.6pm. Furtherdat~ilsof the wavelengthdepaodenceof these

mirr;rsare discussedbelowin sertionIII.
The electronbeam conditionswere similarto thwe previously

11,12:reported 40-A peak currentin a 30-pB (FWHM)pulsewith a
fractionalenergyspreadof about1% and an rms absoluteemittanceof

●bout 3FX1O-4 cmerad,
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The experiment❑easuredthe totalenergyin lightemittedby the
laserover the durationof the electron-beammacropulse. The operating
wavelengthA of the FEL was variedby changingthe mean energyof the
electronsfrom the linac, Figure2 showsthesedata plottedversusthe
wavelengthdifferenceAA=AC-A.

These measurementswere accompaniedby time-integrated(o{erthe
macropulse)oDticalspectrummeasurements.The spectralmeasurements
showedgreat shot-to-shotvariability:the displacementof the spectrum
to longerwavelengthsas the electron-beamenergywas reducedwas
apparent,as was a reductionof the width and complexityof the spectraas
the laserthresholdwas approached.This is in agreementwith similar—

data for the untaperedwiggler10which clearlyshoweda spectralnarrowing
&s the reflectivityedgeof the mirrorwas approached.The resultsof
simulationsof this experimentalso show the expectedspectralnarrowix)g
and are discussedbelow.

III. THEORETICALCALCULATIONS
One-dimensional,time-dependent,pulse-evclutioncalculationswere

performedfor the conditionsof this experiment.The calculationsused
the mathematicalmodelof Ref. 14 supplementedwith wavelength-dependent
mirrors: the reflectivity,phaseshift,and tranrnnission(therewere
smallbut finiteabsorp~ionlosses)versusopticalwavelengthused in the
code are shownin Fig. 3. Noto that both mirrorswere assumedto have
identicalcharacteristics,and Figs. (3a) and (3b)referto the effectsof
two consecutivereflectionsupon the electricfieldamplitudeof the
opticalpulse,

The effects of the mirrorsupon the opticalpulsewere taken into
accountin the numeric-dcalculationsby the followingprocedure: the
spatialFouriertransformof the pulse at the end of the wigglerwas
calculated,then m~lltipliedby the wavelengthdependentamplitudeand
phaseshiftshownin Fig. 3, and then the resultantfunctionwas inverse-
Fourier-trwsformedto obtainthe pulse for the next pass throughthe
wiggler.

The transmissionof each❑irroras a functionof wavelengthWM
measuredseparatelywith a BeckmanIn spectrometer,A commercially..
availablecomputercodelbwas ussd,togetherwith the knowncompositionof
the mirrors,to computethe spectralcharacteristics(reflectance,
transmittance,and phaseshift of the mirror=. The measuredtransmission

idata could not be exactlymate ed by sny calculationof this code,
possiblybecauseof smalldeviationsfrom quarter-wavelayerthicknesses.
Therefore,the phaseshift from the cslcu18tionwhichmost closelyfit the
transmissiondatawas used in the FEL simulations,hut calculatedvalues
of the reflectivityand transmissionwere changedslightlyto bringthem
intobetter●greementwith the measurements,The calculatedlaser
performanceis very sensitiveto the shapeof the reflectivityvs.
wavelengthcurve,aud this curveis only ●pproximatelyrepresentedin the
simulationmodel,

‘l’heoscill&torperformancewau calculatedfor threedifferent
wavelengthsof peak small-signalgain: A1=ll~8pm (7.=38049),A2=12 Ipm

(7.=38t01), ●nd A3=12.36pm (7.=37.6z6), The calculationswere all done

for a parabolicelectronpulsesh~pe,FWHH equalto 30 pa, ●nd peak
current40A. A 2% wide electronenergyspread (rectangular,not G&uosian,



in shape)was used

the 3rrx10-4cm”rad
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- this includesapproximatelyequalcontributionsfrom

rms transverseemittancennd 1% real energyspre~d.
These parametervaluesyielda maximumsmall-signalgain of ~boat10%.

The calculatedopticaloutputenergiesversuswavelengthof peak
small-signalgain are shownin Fig. 4 alor.gwith the measureddata.
Altho~ghthe trendsare similar,thereis substantialquantitative
disagreementbetweentbe calculatedand measuredcurves. Possiblereasons
for the discrepancyare discussedbelowin the next section.

Some additionalfeaturesof the calculatedresultsare shown in the
next several.figures. Figure5 showsthe time-integratedopticalspectra
for the three cases. One notes a nazrowingof the spectraas the initial
wavelengthapproachesthe laserthreshold: no sidebandsdevelopedfor
A=A3. The calculationsall startedwith spontaneousemission(a different

mathematicalmodelthan that of Ref. 14) and z?ro initialoptical
intensity. The growthof the opticaJpulseenergyinsidethe optical
cavityversuspass numberis shownfor the threecasesin Fig. 6: the
duration(100ps)of the electronbeam macropulsefromthe linac
correspondedto 2000 roundtripsof the opticalpulsein the resonator.
Note that for A=A3 a steady-statewas not achievi.di~ the availabletime.

IV. DISCUSSIONAND CONCLUSIONS
There are two generalconsiderationsthat arisewheneverl-d time-

dependentsimulationshave been comparedwith experimentally-measured
resultsfrom the Los Alamosfree-electronlaseroscillator

tixperiment10’16:(a) the simulationsdo not includethree-dimensional
effects,and (b) it is difficultto determineexperimentallythe valuesof
many differentparametersneededto do the simulations.A furtherpoint
is that nome electron-beamparametersvary duringthe macropulse,either
as slow driftsor as randomfluctuations:althoughcalculationshav~ been
done to model such effectsuponFEL performance,theywere not includedin
the present~imulations.Furthermore,somemeasuredpropertiesare
usuallysimplifiedin the simulationsin orderto make the computer
calculationstractable.

The primarythree-dimensionaleffectnot includedin the calculations
is the spatialoverlapbetweanthe transversedimensionsof the electron
beam - which are determinedby the valueof the transverseemittanceand
the pr~pertiesof the wiggler- and the transversedimensionsof the light
baam - which are determinedby the opticalffavelengthand the Rayleigh

range of the resonator. Using ● valueof 3TX10-4cm”rad for the rms
transverseemittance(notvery preciselymeasured),12pmoptical
wavelength,and ● Raylei.ghrangeof 50 cm, the focaldimeters of the two
beams arc aboutthe same. This meansthat the basicassumptionof the l-d
model - that all electronsare actedupon by the on-axiscomponentof the
opticalfield - is certainlynot satisfied, Olieexpectsthat better

calculmticns17would substantial.lyreducethe opticaloutputdue to this
effect. Unfortunately,the approachof Ref. 17 cannotbe used to model
the mmlut+ionof s finitepulse in an FEL oscillatordue to practical
computertime limitations.

Parametervalues for the wigglerand the opticalresonatorare
norm~lly●ccuratelydeterminedand constantduringthe experiment- but
note the difficultyin this experimentof preciselydeterminingthe exact
wavelength-dependentpropertiesof the mirrors,as describedin Sot. 111,



5

Parametersfor the electron-beamare usuallymost elusive: effectsnot
quantitativelyspecifiedhere experimentally,and not includedin the
simulations,includea ramp on the currentduringthe macropulse,a slow
driftof the mean electronenergyduringthe macropulse,and electron
micropulsearrival-timefluctuationsdue to acceleratorfield

fluctuation-.Such effectshave been studiedpreviously
12,16,18and tend

to reducethe laseroutput. Slow driftscan easilybe includedin the
~imulationsif they are kncwnfor a particularoutputmeasurement;
fluctuationscar be includedbut no adequatemodel for theirstatistics
has been developed. If the peak micropulsecurrentdecreasedduringthe
macropulse,as happenedon some shots,obviouslythat would lead to
diminishedoutput. Slow energydriftsand rapidfluctuation might
furtherreducethe output. Finally,shot-to-shotvariationsof the mean
e-beamenergy?thoughtto be on the orderof *1/4$ to ●1/3%, wouldmean
that the theoreticalcurveof Fig. 2 shouldbe averagedover *1/2%to *
2/3%wavelengthranges.

The generalexperimentaland theoreticalconclusionsof the present
studyof this tapered-wigglerFEL oscillatorare that: (1) sidebandswere
generatedwhen the fundamentalopticalwavelengthwas in the high-
reflectivitypart of the mirrorresponse;and (2)tke totalopticallaser
energyoctputdropped,and the time-integratedopticaloutputspectrum
narrowed,as the fundamentalwavelengthwas tunedto valuescorresponding
to decreasedmirrorreflectivity.

There are, however,substantialquantitativedifferencesbetweenthe
calculationsand the measurements.we believethat the largest
contributionto thesedifferencesco~esfromnot havingdone 3-d
simulationsthat properlytreatthe tramverse overlapof the opticaland
electronbeams. Electrnnbeam variations,whichwere not includedin the
calculationseither,would furtherreducecalculatedltiseroutputvalues.
A betterknowledgeof the mirrorcharacteristicsto use in the
calculationswould probablylead to relativelyminorchangesin the
calculatedresults.
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FigureCaptions

Fig. 1. Taperedwigglermagneticfieldamplitude.md wavelengthvs.
axialposition.

Fig. 2. Measured laser

Fig. 3a. Electric field

Fig. 3b. Electric field

opt.caloutputenergyvs. wavelength.

amplitudereflectioncoefficientvs. wavelength.

phaseshiftcoefficientvs. wavelength.

Fig. 3c.

Fig. 4.

Fig. 5a.

Fig. 5b.

Fig. 5c.

Fig. 8a.

Fig. 6b.

Fig. 6c.

Singlemirrorintensitytransmissioncoefficientvs. wavelength.

Calculatedand measuredopticaloutputenergyvs. wavelength.

Time-integratedoutputopticalspectrumat kl=ll.8pm.

Time integratedoutputopticalspectrumat A2=12.1pm.

Time-integratedoutputopticalspectrumat 13=12.35pm.

Internalopticalpulseenergyvs. pass numberfor A = Al.

Internalopticalpulseenergyvs. pass number for A = 12.

Internalopticalpulseenergyvs. pass numberfor i = ~3.



2.8 * I I 1 I I 1 i I I
?

2.7 “

- 3100

26● - - 3080

- 3060

2.4 1 I 1 I I I 1 I 1 ‘ 3000
0 10 20 30 40 50 60 70 80 90 100

w

AXIAL POSITION (cm)

Figure1



100 I I I I
/

1 1% TAPERED UNDULATOR

80

60

40

20

0

REFLECTOR BANDEDGE
AT 12.6#rn WHERE T= IO%

●

/

●

●

4 1 1 I 1 4

0 0.2 0.4 0.6 0.8 1.0

SPECTRAL PEAK-TO-REFLECTO’3
BANDEDGE SEPARATION, A)i (Pm)

Figure2



<iJ

c)
u
-1
w

1.0

0.9

0.8

0.7

0.6

0.5

0.4

03

0.2

0.1

0
10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0

WAVELENGTH (m)

Figure 3a



4

3

2

1

0

-1

-2

-3

-4

.

.

.

.

.

10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5 1!5.0

WAVELENGTH (MI)

Figure 3b



1.0
0.9

0.s

0.7

0.6

0.5

0.4

023

0.2

0.1

0

.

.

.

.

.

.

.

.

10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0

WAVELENGTH (pm)

Figure 3C



Q
m
>
x

1-

b

6

p

TOTAL ENERGY OUTPUT (mJ)

N
(n
o



-
w

o

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0

*

&

1 I

10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5

WAVELENGTH (pm)

Figure Sa



n

%

x

n

6.0

5.0

4.0

m

2.0

1.0

0

I 1 I I I I I 1 I

.

A 1 I 1 1 I I 1 A

10.0 10.5 11.0 11.512.0 12.5 13.0 13.5 14.0 14.5 15.0

WAVELENGTH (pm]

Figure 5b



.

.

.

.

.

.

.

.

.

I I I I I I% I I
4

.

1 1 I

10.5 11.0 11.5 12.0

i

12.5 13.0 13.5 14.0 14.5 15.0

WAVELENGTH (pm)

Figure SC



18

16

14

12

10

8

6

4

2

0
0

.

.

.

.

.

.

a

400 800 1200

PASS NUMBER

Figure13a

1600 2000



7

6

5

4

3

2

1

0

.

.

.

.

.

.

1

0 400 800 1200 1em 2000

PASS NUMBER

Figure 6b



0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0

I 1 1 I 1 I I I I
#

m

~

1 m 1 I m

@ 400 800 1200 1600 2000

PASS NUME3ER

Figure 6C


